Recently released results from a randomized controlled trial have shown that 13-valent pneumococcal conjugate vaccine (PCV13) is efficacious against vaccine-type nonbacteremic pneumonia in adults. OBJECTIVE: We examined the incremental costeffectiveness of adding PCV13 to the Advisory Committee on Immunization Practices (ACIP) adult immunization schedule.
INTRODUCTION
In 2013, pneumonia accounted for 53,282 deaths in the United States 1 and the total medical cost of pneumonia in the fee-forservice Medicare population was estimated in excess of $7 billion in 2010. 2 The introduction of 13-valent pneumococcal conjugate vaccine (PCV13) to the recommended schedule for children significantly reduced the all-cause pneumonia hospitalizations for children burden, while it remained high among older adults. 3 In 2014, the Advisory Committee on Immunization Practices (ACIP) voted to add a single dose of PCV13 to the existing recommendation of 23-valent pneumococcal polysaccharide vaccine (PPSV23) for all adults over the age of 65 years. 4 Recent evidence has shown that PCV13 is efficacious against vaccine-type community acquired pneumonia, 5 which remains prevalent among older adults despite recently observed declines due to herd protection provided by use of PCV7 and PCV13 among children. 3, 6 While previous studies have examined the cost-effectiveness of vaccinating old adults with PCV13, 7 this study fills a gap in the literature by incorporating clinical trial evidence of PCV13 effectiveness against community acquired pneumonia. We aimed to evaluate the marginal cost-effectiveness of the new recommendation as well as three alternate strategies to add PCV13 to the immunization schedule for adults. We evaluated adding PCV13 at ages 50, 60, or 65 years to the existing PPSV23 recommendation, as well as a strategy that replaces PPSV23 at age 65 with PCV13 at age 65.
METHODS

Model
We developed a probabilistic model to estimate the costeffectiveness of altering the pneumococcal vaccination schedule for adults to include PCV13 for hypothetical cohorts of adults. We used Monte Carlo simulation in spreadsheet-based software 8 to estimate the impact on program costs, medical costs, non-medical costs, and disease burden when adding a dose of PCV13 to the previously existing PPSV23 recommendation or replacing PPSV23 with PCV13 at age 65 years.
We tracked new disease incidence, including cases and deaths due to invasive pneumococcal disease (IPD) and nonbacteremic pneumococcal pneumonia (NBP), through life expectancy or until age 100. We modeled the effects of several recommended schedules: (1) a dose of PCV13 followed by a dose of PPSV23 at age 65 in a cohort of 65-year-olds, (2) a dose of PCV13 at age 50 followed by a dose of PPSV23 at age 65 in a cohort of 50-year-olds, (3) a dose of PCV13 at age 60 followed by a dose of PPSV23 at age 65 in a cohort of 60-yearolds, and (4) a dose of PCV13 at age 65 in a cohort of 65-yearolds. Each of these hypothetical strategies preserved the riskbased recommendations for adults 19-64 years of age. 9 We calculated the incremental cost-effectiveness of each of these strategies compared to the current recommendation of a dose of PPSV23 at diagnosis of high-risk condition for ages 50-64, followed by a dose of PPSV23 at age 65 (or 5 years later). Our analysis was conducted from a societal perspective, which included the totality of societal costs and benefits. The general model structure is shown in Fig. 1 .
Study Population
We focused on three cohorts of adults the size of the United States population in 2013: 4,494,482 50-year-olds, 3,862,796 60-year-olds, and 3,391,067 65-year-olds. From these groups, we subtracted the immunocompromised population as individuals developed immunocompromising conditions, since this group was recommended to receive PCV13 in 2012 and the cost effectiveness of that recommendation has already been evaluated in previous work. 10 We stratified the remaining immunocompetent adults by risk status. We classified individuals with four chronic conditions as high-risk: diabetes, chronic heart disease, chronic lung disease, and chronic liver disease. Our model followed individuals by single year of age and through life expectancy or age 100, whichever came first.
Disease Parameters
For IPD, we classified serotypes as (1) those included in PCV13 (1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, 23F),  and (2) those included in PPSV23 (1, 2, 3, 4, 5, 6B, 7F, 8, 9N,  9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F and 33F). The number of IPD cases by these serotype classifications among the healthy and high-risk populations was obtained from the Centers for Disease Control and Prevention's Active Bacterial Core surveillance (ABCs) 11 in 2013. Rates of NBP were taken from previously published reports. 3, 12 Age and risk-specific disease rates are displayed in Table 1 .
We modified the resulting IPD and NBP rates to account for projected changes in IPD incidence in the adult population due to the introduction of PCV13 for children in 2010. 19 The rates used in our calculations are displayed in Table 1 . As 2013 was the most recent year with available data, we predicted forward from 2013. To predict forward, we first calculated the declines of PCV7-type IPD among adults between 2003 and 2009. We assumed the resulting declines of 78.6 % for 50-64-year-olds and 86.6 % for ≥ 65-year-olds would be observed for the additional serotypes in PCV13 between 2013 and 2019. We estimated that serotypes in PPSV23, but not in PCV13, increased by 77.9 % for 50-64-year-olds and 17 % for ≥ 65-year-olds between 2003 and 2009. We applied this increase to the 2013 IPD incidence for serotypes in PPSV23 but not in PCV13 starting in 2019, to account for serotype replacement disease. We scaled IPD incidence for each serotype grouping (types in PCV13 not in PCV7, serotypes in PPSV23 not in PCV13, and serotypes in neither vaccine) linearly between years 0 and 6, using reported incidence from 2013 as year 0 to the full herd protection calculated in year 6 to account for the fact that our serotype changes were measured over a 6-year period. We did not assume any further changes in serotype distribution due to herd protection from the childhood program after year 6.
Vaccine Effectiveness and Coverage
Estimates of PCV13 effectiveness against IPD and NBP were based on results from the CAPiTA trial. 5 This was a randomized, double-blind, placebo-controlled trial designed to evaluate the effectiveness of PCV13 against IPD and NBP. We based the effectiveness of PPSV23 against IPD on results from a systematic review of 18 randomly controlled trials and seven observational studies, 14 and NBP on results from a systematic review of 19 trials {Huss, 2009 #105}. Effectiveness by age and risk group is detailed in Table 1 .
We assumed PCV13 exhibited no declines in effectiveness between the ages of 50 and 65. We made this assumption since we lacked vaccine effectiveness data at age 50. This assumption tilts recommendations slightly in favor of vaccination at age 50. After age 65, effectiveness waned by 10 % every 5 years, with this waning distributed linearly within each 5-year increment. We also investigated a scenario where PCV13 showed no waning for the first 5 years after age 65, followed by a linear decline to zero effectiveness over the next 15 years. We assumed PPSV23 waned linearly to 50 % of initial effectiveness over the first 5 years, linearly to 30 % of initial effectiveness over the next 5 years, and linearly to 0 % effectiveness over the next 5 years. 20 We tracked vaccine waning separately for each vaccine and always incorporated the most generous protection for each serotype group.
Coverage rates for the population over age 65 (59.9 %) and high-risk 50-64-year-olds (20 %) were based on the 2012 National Health Interview Survey. 16 As healthy 50-64-yearolds are not currently recommended to receive pneumococcal vaccination, we constructed two plausible bounds for the coverage rate. For a lower bound estimate of coverage in healthy 50-64-year-olds, we used the observed coverage rate in high-risk 50-64-year-olds. For the upper bound, we multiplied the observed coverage rate for the population over age 65 by the ratio of the percent of 45-64-year-olds that had seen a doctor in the last year (84 %), to the percent of 65-75-yearolds that had seen a doctor in the last year (92.5 %). The percent of the population with doctor visits in the last year was also taken from the 2012 National Health Interview Survey. 17 To obtain a base case coverage rate in healthy 50-64-year-olds, we averaged the upper and lower bounds.
Health Utility Indices
To assess the impact of vaccination across a variety of outcomes and populations, we used quality-adjusted life year (QALY) decrements. Decrements could range from 0 for a person in perfect health to 1 for death. We used two sources for QALY decrements for pneumococcal diseases. Our base case uses QALY decrements of 0.006 for inpatient NBP, and 0.004 for outpatient NBP. 21 We arrived at a QALY decrement of 0.009 for IPD by weighting the QALY decrements for bacteremia and meningitis by their respective case counts in 2013 ABCs surveillance data. These QALY decrements correspond to 3.2 days of healthy life lost for IPD, 2.2 days of healthy life lost for inpatient NBP, and 1.5 days of healthy life lost for outpatient NBP. These QALY decrements can be put into context by assuming that inpatient pneumococcal related illness results in quality of life losses of 15 % and outpatient pneumococcal illness results in quality of life losses of 10 %. 22 These imply average illness durations of 27 days for inpatient disease and 18 days for outpatient disease for otherwise healthy people .
We also investigated an alternative scenario with much larger disease QALY decrements of 0.075 for IPD and 0.075 for inpatient NBP. 23 We created a QALY decrement of 0.050 for outpatient NBP in this second QALY scenario by modifying the outpatient QALY decrement in the base case by the ratio of the inpatient NBP QALY decrement in the second scenario to the inpatient NBP QALY decrement in the base case. The implied illness durations for this second set of QALY decrements was 181 days across both inpatient and outpatient diseases.
To determine the QALY decrement for each episode of illness, we multiplied the baseline QALY for a given age category and risk status by utility decrements. Baseline age and risk status specific QALY values have been previously published. 23 
Medical and Non-medical Costs
Inpatient and outpatient costs from clinic visits were obtained from paid health insurance claims from the Truven Health Analytics MarketScan database 2010. 18 We calculated costs for these patients when they had IPD (International Classification of Diseases, Ninth Revision, Clinical Modification codes 320.1, 038. For vaccine cost, we applied government contract vaccine prices published annually of $85.189 in 2013. 24 For travel and vaccine administration cost, we used estimates from previously published sources, 25 which after adjustment to 2013$ were $23 and $17, respectively. All outcomes were discounted by 3 % and adjusted to 2013$ using the Consumer Price Index for all items. 26 We did not calculate the effects of vaccine wastage or adverse events. In pre-licensure studies, serious adverse events resulting from receipt of PCV13 were uncommon, 27 and both vaccines showed similar rates of adverse events.
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Sensitivity Analyses
We conducted multivariate sensitivity analysis around our inputs according to the ranges indicated in Table 1 . For cost parameters, we used the ranges indicated in Table 1 as the 5th and 95th percentiles for a log-normal distribution. The 5th and 95th percentiles of the sample mean were calculated by bootstrapping the mean MarketScan data over 1000 repetitions with a sample size of 100. To reflect the uncertainty in QALY parameters in our multivariate sensitivity analysis, we used a uniform distribution between the high and low QALY scenarios for each decrement detailed above. For all other parameters, we used Beta-pert distributions over the ranges indicated in Table 1 . We conducted simulations in @Risk for Excel version 6.2.1. To obtain the 95 % confidence interval, we conducted simulations until there was a 95 % chance that the mean estimate of each output parameter was within 5 % of its true value. We also projected our results forward several years in anticipation of increased herd protection for the additional serotypes in PCV13 not in PCV7 from the childhood program. We modeled results for each year in the 6-year phase-in period for herd protection described in the BDisease Parametersŝ ubsection.
We conducted several additional one-way sensitivity analyses to look at the responsiveness of our results to changes in potentially important parameters. Since the two available sources of QALY decrements differed by an order of magnitude, we analyzed a scenario using the higher decrements. We also analyzed a scenario where PCV13 showed much more rapid waning-no waning for 5 years followed by waning to zero over 15 years. We conducted two alternative scenarios for vaccine prices. In the first, we used the reported private price of vaccines ($128.16 for PCV13 and $63.47 for PPSV23). 24 In the second, we used the maximum allowable reimbursement under Medicare Part B ($145.11 for PCV13 and $72.35 for PPSV23). 30 We also modeled a scenario where PPSV23 was as effective (45 %) against vaccine-serotype NBP as PCV13. 
RESULTS
Results for base case and multivariate sensitivity analyses for the four strategies are presented in Table 2 . Point estimates from base-case runs for each endpoint are noted and 95 % confidence intervals from multivariate sensitivity analysis are reported in parentheses. Adding PCV13 to the previous schedule at ages 50, 60, or 65 reduced NBP and IPD cases and related deaths. Replacing PPSV23 at 65 with PCV13 reduced NBP cases and deaths, but increased IPD cases and deaths, likely due to different serotypes covered. Each strategy shows an improvement in QALYs ranging from 1183 for the strategy that added PCV13 at age 60, up to 3053 for PCV13 at age 65, with the latter being the most health improving strategy. Total costs range from $64 million for the strategy that replaces PPSV23 at age 65 with PCV13, to $496 million, which provides PCV13 to adults at age 50. The strategies that incorporated PCV13 at age 65 provided the most value for money with cost-effectiveness ratios of $62,065/QALY gained for adding PCV13 at age 65 and $46,396 per QALY gained for replacing PPSV23 at age 65 with PCV13. Total counts for outcomes from these models are available online in the Electronic supplementary material. Figure 2 shows how the two strategies that provided the most value for money compared over time as the herd protection provided by the childhood PCV13 vaccination program manifested. The cost per QALY gained of both strategies (adding PCV13 to the previous schedule and replacing PPSV23 in the previous schedule) increased with each successive year of the program as more disease was prevented due to herd protection. The cost per QALY gained of the replacement strategy is not shown after 2015, since at that point replacing PPSV23 with PCV13 actually resulted in fewer QALYs than the previous strategy. After an additional 6 years of projected herd protection impacts from the childhood immunization program, the cost per QALY gained of adding PCV13 to the previous strategy rose to $272,621. Table 3 presents several one-way sensitivity analyses for the strategy that added PCV13 at age 65 years. Using alternate QALY values did not substantially impact cost effectiveness. An alternative scenario for waning immunity following a dose of PCV13 as described in the Methods section also demonstrated similar results to the base case. The cost-effectiveness ratios were more sensitive to alternative prices. When we modeled vaccine cost at the reported average private price or the maximum allowable reimbursement level under Medicare, keeping all other variables constant, cost per QALY gained increased to $96,654 and $110,284 respectively. The Column 6 in Table 3 presents detailed results with an additional 6 years of herd protection from the childhood immunization program for the strategy that added PCV13. With an additional 6 years of herd protection from the childhood program, the number of QALYs saved fell to 990, driven largely by dramatic declines in NBP cases prevented. Model results when PPSV23 was assumed to be 45 % effective against vaccine-type NBP are shown in the final column of Table 3 . In this scenario, adding PCV13 was very expensive per QALY gained, even before herd protection from the childhood immunization program fully manifested with a cost per QALY gained of $309,211.
DISCUSSION
Adding PCV13 to the previous schedule at age 65 and replacing PPSV23 with PCV13 at age 65 provided more value for money than strategies involving vaccination at earlier ages. This is driven partly by higher disease incidence for those over age 65 in our model. However, the cost-effectiveness of both strategies was quite sensitive to projected herd protection from the childhood PCV13 immunization program. While replacing PPSV23 provided slightly more value for money for a cohort of 65-year-olds in 2013, after 1 year of this strategy, adding PCV13 at age 65 was cheaper per QALY gained. The two strategies diverged further as we modeled increased herd protection. As the addition of PCV13 is projected to become much more expensive per QALY gained, the costeffectiveness of this recommendation should be re-evaluated regularly.
Our study is closely comparable with a cost-effectiveness analysis that analyzed adding PCV13 to the schedule for adults, 32 but was published before the results of the CAPiTA trial were available. Similar to our results, Smith et al. found replacing PPSV23 with PCV13 provided the most QALYs per dollar spent. This prior study was conducted based on 2007-2008 IPD data where the proportion of IPD caused by PCV13 serotypes was 40-50 %, which is far higher than the ∼30 % rates used in the present study. As the present study uses later data, it captures more of the herd protection that has accrued, benefitting adults as a result of the childhood immunization program. We also projected our findings forward 6 years, when, according to our assumptions, PCV13 serotypes account for less than 4 % of IPD incidence. Another important potential difference between the two studies is that the Smith et al. analysis was performed before the vaccination schedule for adults was altered to recommend PCV13 for immunocompromised adults. PCV13 is predicted to be cost-saving for this group; therefore, they may have contributed to lowering the cost per QALYs gained calculated by Smith et al. We note that our model also projected indirect replacement effects for PCV13 similar to those effects observed for PCV7. Should replacement disease prove less common for PCV13 than for PCV7, our cost per QALY calculations may be conservative, and the strategies we analyzed could be slightly cheaper. Similarly, pneumococcal incidence may be especially difficult to predict in the presence of highly variable influenza seasons. 33 Our cost per QALY calculations could also be too conservative if our pneumococcal disease rate projections are too low.
With the release of the results of the CAPiTA trial, we are able to remove one piece of uncertainty regarding the use of PCV13 in adults; namely, the vaccine's impact on NBP. However, one of the remaining principal limitations of the present study is the impact of the childhood vaccination program on disease in adults. Following the introduction of 7-valent pneumococcal conjugate vaccine, adults saw substantial declines in vaccine serotype IPD without any change in vaccination. We have anticipated similar declines for PCV13 serotype IPD. These projected declines in disease incidence make the new schedule dramatically more expensive per QALY gained after a few additional years. It will be important to monitor the indirect protection for PCV13 going forward. Since the recommendations for adults have been altered to include PCV13, discerning which part of PCV13 serotype declines are due to increased herd protection and which are due to direct protection for adults might be difficult. Our findi n g s , h o w e v e r, d o s u p p o r t t h e r e c e n t A C I P Each modeled strategy preserved previously recommended vaccination strategies for high-risk populations (immunocompromised adults were excluded from our analysis). Previous recommendations indicated a dose of PPSV23 at diagnosis of high-risk condition. High-risk conditions include chronic heart disease, chronic lung disease, diabetes, cerebrospinal fluid leak, cochlear implants, alcoholism, chronic liver disease, or cigarette smoking. Previous recommendations also indicated a dose of PPSV23 at age 65, provided a minimum of 5 years had elapsed since previous pneumococcal vaccination. 31 The strategies here apply to all adults (except the excluded immunocompromised) and add PCV13 at age 50, 60, or 65, or replace the universally recommended dose of PPSV23 at age 65 with a dose of PCV13 at age 65. The strategies BAdding PCV13 at 65^and BPCV13 replaces PPSV23 at 65^are modeled with a cohort of 65 year-olds. BAdding PCV13 at 50^is modeled with a cohort of 50-year-olds. BAdding PCV13 at 60^is modeled with a cohort of 60-year-olds Abbreviations: IPD invasive pneumococcal disease, PCV13 13-valent pneumococcal conjugate vaccine, PPSV23 23-valent pneumococcal polysaccharide vaccine, NBP non-bacteremic pneumococcal pneumonia, QALY quality adjusted life-year recommendation to add PCV13 to the schedule for all adults at the age of 65 in the short term, including the proviso that the recommendation be re-evaluated in 2018. 
